• A salvage therapy for adults with refractory hemophagocytic lymphohistiocytosis. • Liposomal doxorubicin treatment combined with etoposide and methylprednisolone showed an encouraging overall response and was welltolerated.
Introduction
Hemophagocytic lymphohistiocytosis (HLH) is an immune disorder characterized by uncontrolled T lymphocyte and macrophage activation and an excessive production of inflammatory cytokines. Active HLH develops rapidly, with a high mortality rate if reasonable and effective interventions are not undertaken. In the 1980s, the median survival rate of HLH was only 1 to 2 months, and the 1-year overall survival rate was only 5%. 1 Currently, HLH-94 or HLH-04 regimens are the standard HLH treatment strategies and have increased the disease response rate from less than 10% in the past few years to about 70%. In this regimen, etoposide and dexamethasone, with or without cyclosporine A, are used to treat active HLH. However, HLH-94 study results suggest that about 30% of patients are unresponsive to standard therapy, and most deaths occur within the first few weeks of treatment. 2 Additionally, transplantrelated mortality may likely increase if HLH is poorly controlled before allogenic hematopoietic stem cell transplantation. 3 So far, there have been few studies that focus on adult HLH. A recent review estimated that the mortality rate of adult HLH was approximately 41%. 4 Although HLH-94 is applicable to the treatment of adult HLH, its response rate during the active phase is significantly lower than in pediatric patients; this disparity might be due to the more complex etiology and varied inducing factors of adult HLH. 5 Large-sample prospective studies that may guide physicians regarding choice of therapy for refractory HLH patients who show no response to current treatment have been lacking. Application of salvage therapies that can effectively treat HLH refractory patients is of utmost importance and worthy of further research. Here, we conducted a multicenter, prospective, single-arm clinical study that aimed to investigate the efficacy of liposomal doxorubicin together with etoposide and highdose methylprednisolone (DEP regimen) as a salvage therapy for adult refractory HLH.
Materials and methods

Subject eligibility criteria
The study was registered in Chinese Clinical Trials Registry Platform (ChiCTR-IPC-14005514) and approved by the Ethics Committee at Beijing Friendship Hospital. Patients who enrolled in this study fulfilled the following criteria: (1) met HLH-2004 diagnostic criteria 6 ; (2) were older than 18 years of age; (3) were treated with HLH-94 no less than 2 weeks before enrollment and did not achieve at least partial response; and (4) did not have active gastrointestinal bleeding and had a left ventricular ejection fraction of $50% at the time of enrollment. Patients who met these criteria and agreed to accept DEP salvage therapy were enrolled between June 2013 and June 2014. Informed consent was obtained from all participants.
There are no accepted diagnostic criteria for refractory HLH. It is recognized that absence of response at 2 to 3 weeks is often a sign of refractory HLH. 7 Our clinical experience also supports 2 weeks as the key response time point. Therefore, in this study, we defined refractory HLH as patients who did not achieve at least partial response 2 weeks after initial standard HLH therapy.
Assessment of therapy
The assessment of treatment was previously described in a research study for pediatric HLH. 8 We modified the treatment based on our experience with adult HLH patients. A complete response was defined as normalization of all of the quantifiable symptoms and laboratory markers of HLH, including levels of sCD25, ferritin, and triglyceride; hemoglobin; neutrophil counts; platelet counts; and alanine aminotransferase (ALT). A partial response was defined as at least a 25% improvement in 2 or more quantifiable symptoms and laboratory markers by 2 weeks following DEP regimen as follows: sCD25 response was .1.5-fold decreased; ferritin and triglyceride decreased at least 25%; for patients with an initial neutrophil count of ,0.5 3 10 9 /L, a response was defined as an increase by at least 100% to .0.5 3 10 9 /L; for patients with a neutrophil count of 0.5 to 2.0 3 10 9 /L, an increase by at least 100% to .2.0 3 10 9 /L was considered a response; and for patients with ALT .400 U/L, response was defined as an ALT decrease of at least 50%. Additionally, subjects' body temperature had to revert to normal ranges in either complete response or partial response. Other observational indicators in the study included liver and spleen size, bilirubin, and albumin.
DEP regimen
The specific drugs and doses in the DEP regimen included the following: liposomal doxorubicin (doxorubicin hydrochloride liposome injection) 25 mg/m 2 day 1; etoposide 100 mg/m 2 was administered once on the first day of every week; methylprednisolone 15 mg/kg days 1 to 3, 2 mg/kg days 4 to 6, 1 mg/kg days 7 to 10, 0.75 mg/kg days 11 to 14, 0.5 mg/kg days 15 to 21, and 0.4 mg/kg days 22 to 28 ( Figure 1 ). The efficacy was evaluated 2 and 4 weeks after initiating DEP salvage therapy. Treatment was followed by 0.3 mg/kg of methylprednisolone from the fifth week and was reduced by 0.1 mg/kg every week. Etoposide 100 mg/m 2 was still administered once a week. Patients would receive further treatment of the underlying disease of HLH as soon as it had been clarified and the HLH was controlled. DEP regimen could be repeated after 3 weeks of salvage therapy in some partial response patients who had not received further treatment of their underlying disease. Liposomal doxorubicin 25 mg/m 2 could only be repeated at the fourth week. The dosage of methylprednisolone and etoposide in the repeat treatments were the same as the following treatment. If patients presented recurrent signs of HLH, they could also be treated with the entire DEP regimen again.
Side effects and complications
We closely monitored subjects for any signs of toxicity and complications that occurred during the treatment, including myelosuppression, infection, bleeding, heart function, and adverse drug reactions.
Survival and follow-up
As the HLH patients were being treated, their primary underlying diseases were explored by many methods, including genetic testing, pathogen screening, biopsy pathological examination, and immunological inspection. The primary diseases were treated by antitumor chemotherapy, antipathogen treatment, or allogeneic hematopoietic stem cell transplantation, as appropriate.
The survival time was calculated from the time patients received DEP salvage therapy until death or November 2014.
Statistical analysis SPSS 19.0 statistical software was adopted, all normally distributed data were represented by means 6 standard deviations, and comparison of multiple samples between groups was performed by independent sample t-test. All data that were not distributed normally were represented by median and range, and comparison of multiple samples between groups was performed by Wilcoxon rank sum test. Survival was analyzed by Kaplan-Meier survival curve. In all analyses, P , .05 indicated statistical significance.
Results
Study characteristics
The data in this study were collected from 6 medical institutions in China: Beijing Friendship Hospital, Affiliated Hospital Academy of Military Medical Sciences, Peking University First Hospital, Beijing Chao-yang Hospital, Peking University Third Hospital, and Navy General Hospital. Sixty-three eligible patients with refractory HLH were enrolled, including 42 males and 21 females. The median age was 34 (18 to 78) years old.
The primary disease could not be determined in 8 of the 63 HLH patients; in the other 55 patients, the primary disease was clarified within 8 weeks of HLH diagnosis. Primary diseases included: 4 cases of primary HLH, including 2 cases with familial HLH-2 (FHL-2), 1 with FHL-3, and 1 with X-linked lymphoproliferative syndrome type 1 Table 1 . Before DEP salvage therapy, these patients had been treated by etoposide and glucocorticoid induction therapy for more than 2 weeks according to the HLH-94 regimen; partial response was not achieved as assessed by efficacy evaluation. The median time from patients received initial therapy to DEP regimen was 3 weeks (range, 2-28 weeks). Six subjects showed a response to initial therapy but relapsed and failed to respond to HLH-94 the second time. Three cases of EBV-HLH had been treated with a rituximab-based regimen but failed to respond.
Response of DEP regimen
The overall response rate of the 63 patients with refractory HLH to DEP salvage regimen was 76.2% (48/63 patients), with 27.0% (17/63 patients) in complete response and 49.2% (31/63 patients) in partial response. There were 2 cases of complete response and 1 case of partial response in primary HLH patients, with an overall response rate of 75%, and 5 cases of complete response and 17 cases of partial response in patients with lymphoma-associated HLH, with an overall response rate of 75.7%. Additionally, there were 5 cases of complete response and 11 cases of partial response in patients with EBV-associated HLH, with an overall response rate of 72.7%, and 5 cases of complete response and 2 cases of partial response in patients with unexplained HLH, with an overall response rate of 87.5%. Fifteen patients were nonresponsive to the treatment ( Figure 2 ). In addition, 7 of the partial response patients were subjected to a second liposomal doxorubicin 25 mg/m 2 treatment at the fourth week before they received further treatment of their underlying disease.
Changes in evaluation indicators before and after DEP salvage therapy
Partial response or better was achieved in 48 patients with refractory HLH receiving DEP salvage therapy. We analyzed 10 laboratory parameters at HLH diagnosis, before DEP salvage treatment, and 2 and 4 weeks after DEP salvage treatment. These indicators included white blood cell (WBC), hemoglobin (Hgb), platelet (PLT), ferritin, ALT, total bilirubin, triglycerides (TGs), albumin, fibrinogen (Fbg), and soluble CD25 (sCD25). The following 3 results were obtained. First, serum ferritin and sCD25 levels before DEP salvage therapy were significantly higher than those at HLH diagnosis (P , .05), suggesting that elevated serum ferritin and sCD25 levels were important indicators of disease progression. Second, there was statistically significant improvement in WBC, PLT, Fe, ALT, TG, Fbg, and sCD25 2 weeks after DEP salvage therapy compared with data before treatment. Third, 4 weeks after DEP salvage therapy, WBC, PLT, Fe, ALT, TG, Fbg, and sCD25 had continuously improved, and Hgb showed statistically significant improvement (the changes in the major indicators of HLH patients at HLH diagnosis, before and after DEP salvage treatment, are shown in Table 2 ).
Of the patients who responded to DEP regimen, the peak value of body temperature declined rapidly after the start of treatment. The overall time of recovery to normal body temperature was from 24 hours to 5 days. Splenomegaly was observed in 50 patients, and hepatomegaly was observed in 25 patients with ultrasound examination. At the fourth week after DEP regimen, the liver size recovered to normal size in all responding patients, whereas splenomegaly was still observed in 15 partial response patients. However, the length of the spleen, which was initially larger than normal at the start of treatment, had decreased more than 50%.
Side effects and complications
Bone marrow suppression and cytopenia. All patients had cytopenia in 1 or more blood cell lines before DEP salvage treatment, among which 61 patients had cytopenia in 2 or more blood cell lines. All patients were examined with bone marrow biopsy at HLH diagnosis and showed active bone marrow hyperplasia. Bone marrow biopsy was repeated in 39 patients at 3 to 4 weeks after DEP regimen and still showed active bone marrow hyperplasia. Among the 48 patients responsive to DEP regimen after salvage therapy, leukocytes in 4 patients, platelets in 3 patients, and hemoglobin in 8 patients were lower at 2 weeks after salvage treatment than at the start of their DEP regimen. However, the indicators were decreased by less than 50% of the baseline level and were significantly improved after 4 weeks.
The peripheral blood cells were also significantly improved, instead of being significantly decreased, in the other patients responding to DEP regimen after salvage treatment. The 3 lines of peripheral blood cells were transiently improved in 6 of the 15 patients not responding to the DEP regimen. The marrow toxicity of the DEP regimen was difficult to evaluate because cytopenia was the main clinical feature of HLH, but, overall, there was no evidence of bone marrow toxicity directly associated with the drug in this study. Infection. Twenty-nine of the 63 enrolled patients had radiological signs of pulmonary infection before DEP salvage therapy. Ten patients had bacterial infections confirmed by sputum examination, including Pseudomonas aeruginosa, Enterobacter cloacae, Acinetobacter baumannii, and Staphylococcus aureus. Four patients had candidiasis, and 2 patients had aspergillosis. These patients received appropriate antibiotic treatment and DEP salvage therapy; the infections improved in varying degrees. Infection aggravation or new infections directly induced by DEP regimen were not observed.
Bleeding. Before salvage treatment, prothrombin time was prolonged for more than 3 seconds in 18 patients; activated partial thromboplastin time was prolonged for more than 10 seconds in 37 patients; and Fbg level was lower than 1.0 g/L in 19 patients and the platelet level was lower than 40 3 10 9 /L in 25 patients. These patients were appropriately treated by supportive therapies, including platelet or clotting factor infusion. However, there were still 2 cases of grade 5 lower gastrointestinal bleeding after salvage therapy. Before salvage therapy, 1 of the 2 patients had significant prothrombin time and activated partial thromboplastin time prolongation and significantly reduced Fbg and PLT; another patient had thrombocytopenia without obvious abnormality in the coagulation indicators. The remaining patients did not have grade $2 bleeding.
Cardiac function. Six of the enrolled patients had a history of hypertension and 2 had a history of coronary atherosclerosis. However, the left ventricular ejection fraction was greater than 50% in all patients before treatment. The patients with cardiovascular disease continued to take effective cardiovascular drugs during treatment, and there were no adverse reactions, including acute coronary syndrome, significant increase of blood pressure, malignant arrhythmias, or acute heart failure, reported in any patient during the study observation period.
Other drug-related adverse reactions. Three patients had type 2 diabetes before treatment. They were treated by insulin to control blood sugar and were closely monitored. There were no adverse reactions, such as persistent hyperglycemia and diabetic ketoacidosis. Hand-foot syndrome associated with liposomal doxorubicin was not observed in any patient.
Survival analysis
The overall mortality rate in the 63 patients with refractory HLH was 54.0% (34/63 patients), with a median survival of 28 weeks (1 to 64 weeks) ( Figure 3A ). Fifteen patients who were nonresponsive to DEP salvage therapy died within 4 weeks after the start of salvage therapy. In 29 of the 48 patients who achieved partial response and complete response, the primary disease treatments, including antitumor For personal use only. on September 13, 2017. by guest www.bloodjournal.org From chemotherapy (5 cases), antiviral therapy (4 cases), allogeneic hematopoietic stem cell transplantation (13 cases), and splenectomy (7 cases), were intensified after HLH alleviation, and disease conditions were persistently relieved.
Death occurred in 19 patients who achieved partial or complete response. Eleven patients failed to accept systematic primary disease treatment after response, which resulted in HLH recurrence and death, including 7 cases of EBV-associated HLH, 3 cases of lymphomaassociated HLH, and 1 case of primary HLH. After reusing DEP salvage therapy, 3 relapsing patients had improvement in more than 1 of the evaluation indicators; however, they died of repeated HLH resulting from uncontrollable primary disease. Eight patients died of primary disease (lymphoma-associated HLH) progression, and there was no evidence of active HLH at death.
The response evaluation of the DEP regimen and the comparison of the survival difference between different primary disease groups suggested that the overall survival was significantly prolonged in patients who reached complete response after DEP salvage therapy compared with patients who reached partial response (P 5 .027; Figure 3B ), and there was no significant difference in the overall survival of the HLH patients with different primary diseases (P 5 .181; Figure 3C ). However, the survival of HLH patients with unknown underlying disease was better than lymphoma-associated HLH or EBV-HLH.
Discussion
Hemophagocytic lymphohistiocytosis is a life-threatening disorder characterized by high inflammatory cytokines production induced by excessive immune activation. Patients who are nonresponsive to standard treatment often die of uncontrollable disease activities. Therefore, exploring an effective salvage regimen is essential to reduce HLH mortality. At present, there is no unanimously recommended salvage HLH treatment regimen, and there are few case reports or clinical reports with small sample sizes concerning salvage therapy after firstline treatment failure. It has been reported that infliximab, daclizumab, anakinra, vincristine, tocilizumab, and other drugs have been used in HLH salvage therapy. [9] [10] [11] [12] [13] One single-center clinical study with 38 subjects showed that initial treatment combined with antithymocyte globulins increased the complete response rate to 73%; however, the early recurrence rate was also high, and there was no superiority in long-term prognosis. 14 A retrospective study suggested that alemtuzumab therapy of refractory HLH resulted in improvement and survival to allogeneic HCT in most patients. That study showed that 64% of refractory HLH patients achieved partial response, but no complete response was observed because many patients received additional courses of alemtuzumab or moved quickly to HCT. 8 However, there are no available data to show the applicability of alemtuzumab in adult HLH patients. Although adult HLH has been recognized in recent decades and presented similar clinical features as in children, adult HLH has some different traits from pediatric HLH, such as underlying cause, diagnostic process, and treatment response. In pediatric patients, genetic defects or immunodeficiencies are the major causes of HLH. Alemtuzumab resulted in improvement and survival to allogeneic HCT in most patients because of its rapid and efficient depletion of CD52-expressing cells. Yet, it is unclear whether the significant immune clearance is suitable because the underlying causes of HLH in adults are varied. In our study, DEP regimen showed an encouraging overall response (76.2%) and tolerance in adult refractory HLH patients.
According to the pathophysiologic mechanisms of HLH, an ideal salvage regimen should have strong multi-immunosuppression. Based on our experience in the diagnosis and treatment of HLH, we modified the HLH-94 standard treatment regimen by using etoposide and corticosteroids as the core treatment, increasing the dosage of corticosteroids for pulse therapy during initial induction period, and using liposomal doxorubicin as an important induction therapy. First, glucocorticoids have strong inhibitory effects in the process of activation, differentiation, chemotaxis, and immune effect's production. In refractory HLH, uncontrolled immune activation induces sustained secretion of inflammatory cytokines, and high-dose steroid pulse therapy might more efficiently inhibit the effects of inflammatory cytokines and quickly control the disease in patients unresponsive to conventionaldose hormone therapy. Second, doxorubicin, a broad-spectrum chemotherapeutic drug, has a wide range of biochemical effects on the body and has strong cell toxicity. The present study suggests that cytotoxic chemotherapy is a feasible approach for HLH treatment, especially EBV-associated HLH and lymphoma-associated HLH. However, conventional chemotherapies have poor effects. 15, 16 Some research showed that rituximab-containing regimens appeared well-tolerated and improved clinical status in 43% of patients 17 ; however, we did not find significant improvement compared with a nonrituximab regimen in our small series of EBV-HLH (unpublished observations). We identified the lineage of EBV-infected cells from EBV-HLH patients by immunohistochemistry double staining and identified most of them as CD3 1 /EBER 1 . This suggests that EBV predominantly infects T cells in Chinese populations, which could explain the nonsuperiority of rituximab in Chinese adult EBV-HLH. However, liposomes can promote drug accumulation in capillary permeability-increased sites and enrichment in the lymphatic system, prevent the drug from being engulfed by macrophages and monocytes, and prolong the drug halflife to ultimately increase the therapeutic effect. 18, 19 Therefore, based on the core treatment with etoposide, which inhibits monocytes and tissue cell activation, improved glucocorticoid application method combined with liposomal doxorubicin could inhibit inflammatory cytokine secretion and the corresponding invasive damages more efficiently. In addition, HLH patients are often accompanied by severe complications; therefore, the low cardiotoxicity risk of liposomal doxorubicin, low liver toxicity and water-sodium retention risk of methylprednisolone, and other advantages can reduce the risk of treatment-related injuries to a certain extent. In the present clinical study, serious DEP-related bone marrow toxicity and cardiotoxicity were not observed. The occurrence of serious infections was not increased from the administration of effective anti-infective therapy. Although the serious gastrointestinal bleeding might be due to thrombocytopenia or coagulation abnormalities before treatment, these observations suggested that the regimen might have the potential to increase the risk of bleeding, especially in patients with significant coagulation disorders.
There is no unanimously recommended guideline for refractory HLH. The appropriate time point to initiate salvage treatment in patients nonresponsive to a standard HLH regimen should be investigated in further clinical studies. Mainstream international academic views report that the deterioration of liver function and hemogram-as well as gradual increases in serum ferritin, sCD25, and sCD163-are signs of HLH activity. If a patient does not show at least partial response within 2 to 3 weeks after the start of treatment, salvage therapy should be considered. 7, 20 Our clinical research data also showed that most deaths in the active stage of HLH occurred within 4 weeks of treatment initiation. 21 In the present study, 7 indicators, including WBC, PLT, Fe, ALT, TG, Fbg, and sCD25, were significantly improved at 2 weeks; Hgb was also significantly improved at 4 weeks in responding patients. These results suggested that if effective treatment regimens are administered in patients, improvement of some indicators can be observed within 2 weeks of treatment initiation. Therefore, patients' condition assessments at 2 weeks after HLH treatment initiation might be a key time point for evaluating the efficacy of primary regimen and determining whether the treatment regimen should be altered. Initiating salvage therapy as early as possible in patients with poor response to initial treatment might decrease early mortality. However, there are no data concerning whether patients who are nonresponsive to 2 weeks of standard HLH regimen are still nonresponsive if they continue to receive original regimen; therefore, randomized and controlled clinical studies with large sample sizes are needed to show whether these patients can truly benefit from DEP salvage therapy.
HLH treatment strategy includes 2 main aspects; namely, the shortterm regimen that primarily controls the excessive inflammation status and the long-term strategy that mainly cures the underlying primary disease or immune deficiencies. 22 Allogenic hematopoietic stem cell transplantation after response induction is a key method for improving survival for primary HLH with genetic defects. However, the primary disease in patients with acquired HLH significantly affects their survival. Among the different causes of adult HLH, malignancies, particularly T-or natural killer-/T-cell lymphoma, have the worst prognosis, whereas the prognosis of autoimmune diseaseassociated HLH is better. 5 In infection-induced HLH, refractory EBV infection is most difficult to treat. 23 This highlights why the refractory HLH subjects enrolled in this study consisted mainly of patients with lymphomas and EBV-associated HLH. In this study, although refractory HLH patients still exhibited good responses to DEP regimen after initial treatment failure, nearly half of the patients died. The patients who were nonresponsive to DEP salvage therapy died within 4 weeks after the start of salvage therapy. In addition, 19 of 48 patients who achieved partial response or complete response died from a lack of systematic treatments for the primary diseases after HLH was controlled, or the primary diseases progressed again, with or without HLH relapse. This observation suggested that selecting an effective induction regimen to actively control the excessive inflammation in the early stages of HLH progression provides time and opportunity to clarify the cause of disease and reduce mortality, whereas primary disease control is essential for the treatment in the late stages.
All current studies on the treatment of adults are noncontrolled and retrospective small-sample studies, 16, [24] [25] [26] and this study provides encouraging results for the salvage therapy of refractory HLH. Our study might bridge the transition from induction therapy to etiology therapy. A multicenter, prospective, randomized, and controlled study about DEP salvage treatment of adult HLH is ongoing. In that study, patients who do not achieve partial response after 2 weeks of HLH-94 regimen treatment are enrolled and randomized into 2 groups. One group receives DEP salvage therapy, whereas the other group continues to receive the HLH-94 regimen treatment. The objective of that study is to further demonstrate the efficacy and safety of the DEP regimen.
